Using eight hour human laboratory experiments, we evaluated the analgesic efficacy of vaporized cannabis in patients with neuropathic pain related to injury or disease of the spinal cord, the majority of whom were experiencing pain despite traditional treatment. After obtaining baseline data, 42 participants underwent a standardized procedure for inhaling 4 puffs of vaporized cannabis containing either placebo, 2.9%, or 6.7% delta-9-tetrahydrocannabinol on three separate occasions. A second dosing occurred 3 hours later; participants chose to inhale 4 to 8 puffs. This flexible dosing was utilized to attempt to reduce the placebo effect. Using an 11-point numerical pain intensity rating scale as the primary outcome, a mixed effects linear regression model demonstrated a significant analgesic response for vaporized cannabis. When subjective and psychoactive side effects (e.g., good drug effect, feeling high, etc.) were added as covariates to the model, the reduction in pain intensity remained significant above and beyond any effect of these Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. Author Manuscript measures (all p<0.0004). Psychoactive and subjective effects were dose dependent. Measurement of neuropsychological performance proved challenging because of various disabilities in the population studied. As the two active doses did not significantly differ from each other in terms of analgesic potency, the lower dose appears to offer the best risk-benefit ratio in patients with neuropathic pain associated with injury or disease of the spinal cord.
INTRODUCTION
The mechanisms involved in neuropathic pain arising from spinal cord pathology are numerous 37 . Hypothetically, injury to spinal cord structures may alter sensory processing generating a central pain state. There may be decreased inhibition of neuronal activity through deafferentation of interneurons and/or sensitization such that sensory input is amplified and sustained via intact circuitry 89 . Whatever the etiology, new approaches to treatment are constantly being sought. In 2012, pregabulin was approved by the Food and Drug Administration (FDA) for the treatment of neuropathic pain related to spinal cord central pain. The number needed to treat (NNT) for 50% pain relief (7.1 (95% confidence interval 3.9-37)) was higher than in most peripheral neuropathic pain studies 38 . Thus, although pregabulin has been approved by the FDA and should be considered a first-line therapy, there still exists an unmet need to improve pain relief in spinal cord central pain 37 .
Neuropathic pain of spinal cord origin is a major cause of suffering adding to the physical, emotional, and societal impact of loss or impairment in motor movement, bowel and bladder function, digestion, and breathing. In one survey, respondents specified the extent of their dissatisfaction with analgesic medications 19 . While opioids produced the greatest degree of pain relief, these medications were often discontinued because of side effects, primarily constipation. Although 44 of 117 (38%) respondents tried gabapentin, only 20 (17%) continued to use it, and their pain relief was only moderate. A majority of respondents eventually tried several alternative treatments. Interestingly, maximum relief was provided by massage or cannabis.
In general, current therapeutic strategies to treat neuropathic pain aim to reduce the excitability of neurons by increasing activity of ion channels (e.g., gabapentin, pregabalin, carbamazepine, lidocaine and capsaicin) or by modulating endogenous descending inhibitory tracts (e.g., tricyclic antidepressants, duloxetine and opioids) 92 . In the last decade, another therapeutic option has been recognized involving non-neuronal cells (e.g., spinal microglia and astrocytes) 92 . Inflammatory mediators released by activated glial cells include tumor necrosis factor-a and interleukin-1b; these cytokines are believed to trigger neuropathic pain by acting upon spinal cord dorsal horn neurons 98 . Modulation of glial cell activation and blockade of signaling pathways between neuronal and non-neuronal cells offers new opportunities for more effective treatment of neuropathic pain.
Given the need for therapeutic advancement, it is surprising that few clinical studies have examined drugs altering glial function 92 . One such class of medications are the cannabinoids 97, 98, 110 . Several clinical studies involving administration of cannabis have been indicative of an analgesic effect in neuropathic pain 2, 33, 104, 105, 107, 112, 113 . A recent meta-analysis supported the use of cannabinoids for the treatment of chronic pain by demonstrating that the average number of patients who reported a reduction in pain of at least 30% was greater with cannabinoids than with placebo. (OR, 1.41 [95% CI, 0.99-2.00]) 109 . These findings are confirmatory of animal research that demonstrated a potent analgesic effect of cannabinoids 60, 91, 115 .
The purpose of the present study was to compare the analgesic efficacy of different strengths of vaporized cannabis in participants with pathology of the spinal cord related to traumatic injury or disease. Secondary outcomes included neuropsychological and psychomimetic effects. It was hypothesized that pain relief could be achieved using whole plant cannabis while side-effects would prove to be tolerable.
MATERIALS AND METHODS

Regulatory Approvals
The study was registered using Clinical Trials.gov identifier NCT01555983. The Human Subjects Institutional Review Boards at the UC Davis Medical Center and the Veterans Affairs of Northern California Health Care System approved the protocol. Mandated federal reviews for investigation of cannabis included submissions to the Drug Enforcement Administration, the Food and Drug Administration and the National Institute of Drug Abuse 1 . The FDA approval process included an Investigational New Drug Application (IND number assigned: 102,847). The Research Advisory Panel of California also evaluated and approved the protocol.
Participants
Data in the present study was obtained from two populations; individuals with injury and disease of the spinal cord (see Table 1 ). Such a pooling of conditions has been done by other investigators looking at diverse neuropathic pain conditions 44, 90, 107, 112, 113 . Studying closely related painful neuropathic conditions is valid because their clinical course are considered related and receive similar treatment recommendations 7, 83 .
Participants were enrolled via recruitment from the UC Davis Medical Center Spinal Cord Injury Clinic, IRB-approved recruitment letters and newspaper advertisements. Screening for inclusion criteria (e.g., age > 18 and ≤ 70, pain intensity ≥ 4/10) was conducted via telephone. The 11-point pain intensity numerical rating scale, anchored at 0 equals no pain and 10 equals worst possible pain, was selected because of the ability to administer this instrument by telephone during the screening process 30 . A level of ≥ 4/10 was chosen as this is a commonly utilized cut-off point in randomized clinical trials involving neuropathic pain 82 . Qualified candidates were subsequently consented, interviewed and examined by the principal investigator who administered the Leeds Assessment of Neuropathic Symptoms and Signs (LANSS), a pain scale based on analysis of sensory description and bedside examination of sensory dysfunction 15, 65 . A threshold of ≥12 on this instrument was utilized to substantiate neuropathic pain.
Because there is evidence that cannabis may exacerbate bipolar depression 73, 75 or increase suicide risk in patients with schizophrenia 50 , candidates with these diagnoses were excluded. The Patient Health Questionnaire-9 (PHQ-9), a nine-item depression scale based directly on the diagnostic criteria for major depressive disorder in the Diagnostic and Statistical Manual Fourth Edition (DSM-IV) 72 , was administered. As cannabis use may on occasion worsen depressive symptomatology 74 , individuals with severe depression (PHQ-9 ≥ 15) were excluded and referred for psychiatric consultation, if not already in progress. Because exposure to cannabis may be associated with suicidal thoughts and attempts 87 , the Center for Epidemiological Studies-Depression Scale (CES-D) was administered using the three item subscale measuring suicidal ideation proposed by Garrison et al. 42, 43 and others 22 . If any of the items ("I felt life was not worth living"; "I felt like hurting myself"; "I felt like killing myself") were answered affirmatively, the patient was excluded.
Comorbidities were also evaluated; potential participants were excluded if a medical condition was present that, in the opinion of the investigator, would potentially lead to a deleterious effect on the patient's well-being (e.g., coronary artery disease, obstructive pulmonary disease, severe liver disease or impaired renal function). A history and physical, chest X-ray, electrocardiogram and laboratory analysis (e.g., hematology screen, blood chemistries, and urinalysis) were performed to screen for medical illnesses. The Substance Abuse Module of the Diagnostic Interview Schedule for DSM-IV 88 was administered to exclude individuals with a current substance use disorder. Urine drug immunoassay for opioids, benzolyecgonine (cocaine metabolite), cannabinoids, and amphetamines were also performed to confirm historical information obtained by interview. Participants without a medical indication for these substances were excluded.
All participants were required to refrain from smoking cannabis or taking oral synthetic delta 9-THC medications (i.e. Marinol®) for 7 days before study sessions to reduce residual effects. To further reduce unsystematic variation, participants were instructed to take all other concurrent medications as per their normal routine during the 3 to 4 week study period.
Design
A randomized, double-blind, placebo-controlled, crossover design study employing three different strengths of cannabis (placebo, 2.9%, and 6.7% delta 9-THC) was performed. The cannabis was harvested at the University of Mississippi under the supervision of the National Institute on Drug Abuse (NIDA). NIDA provides bulk cannabis for experimental use subject to existing concentrations of delta 9-THC in their marijuana plant material supply program. Placebo cannabis was derived from whole plant material with extraction of delta 9-THC. Following overnight delivery, the cannabis was stored in a freezer at the Sacramento VA Medical Center Research Pharmacy using precautionary measures (e.g., limited access to the pharmacy with an alarm system to protect against diversion).
A cumulative dosing scheme was employed to determine dosing relationships for analgesia, psychoactive and cognitive effects as recommended by previous investigators 23, 46 . Participants inhaled four puffs after baseline data were obtained (Figure 1 ). They then inhaled four to eight puffs of cannabis (or placebo) during the second administration of study medication at 240 minutes. The second dosing was purposefully flexible as to the number of puffs permitted; experience has shown that clinical trials with adaptable dose designs are almost twice more likely to demonstrate significant differences between medications and placebo than fixed dose trials 6869 . One explanation for this is that fixed dose trials probably involve an expectation of benefit. As a result, the placebo effect may increase thereby reducing the ability of a clinical trial to differentiate between an effective treatment (e.g., an active drug) and a less effective or ineffective treatment (e.g., placebo). The flexible dose design emulates clinical practice whereby the clinician, in cooperation with the patient, adjusts dosages to optimize efficacy and tolerability according to distinct patient conditions. Such a technique may also offer an advantage in the research setting by preventing withdrawal due to an adverse event when the therapeutic window is surpassed in some individuals, or withdrawals due to lack of efficacy in other participants in whom a fixed dose is insufficient 31 . To enhance the sensitivity to differences among the treatment doses, participants served as their own controls.
Procedures
Participants were scheduled for three, 8-hour experimental sessions at the UC Davis Clinical Translational Science Center Clinical Research Center. The sessions were separated by at least 3 days to permit the metabolic breakdown of delta 9-THC metabolites 48 . The median (interquartile range) interval between sessions was 7 (0.75) days. Participants received placebo, 2.9%, or 6.7% delta 9-THC in random order utilizing a web-based random numbergenerating program, Randomization.com 〈http://www.randomization.com〉 to determine the sequence of administration. The allocation schedule was maintained by a research pharmacist and concealed from other study personnel.
Cannabis was stored in a freezer at −20°C until the day before use when it was thawed and humidified by placing the medication above a saturated NaCl solution in a closed humidifier at room temperature for twelve hours. The Volcano® vaporizer (Storz & Bickel America, Inc., Oakland, CA) was used to administer study medication to participants. Four hundred milligrams of NIDA cannabis with either placebo, 2.9%, or 6.7% delta 9-THC was loaded into the filling chamber, the temperature set at 185 degrees centigrade, and the machine was switched on. A balloon bag collected the vapor; this commercial device was fitted with a specially designed mouthpiece that allowed one to willfully interrupt inhalation repeatedly without loss of vapor to the atmosphere. To prevent contamination of the breathing space of observers, vaporization was conducted under a standard laboratory fume hood with constant ventilation. This was performed in a room with an ambient temperature of 22°C and a humidity of 40% to 60% that was outfitted with an exhaust system. This area was physically separate from the UC Davis Clinical Research Center and required that participants travel to an adjoining building. This necessitated a time delay of approximately 20 minutes at times 60 and 240 min before the onset of study assessments. Because of the time involved in the dispensing of vaporized cannabis, we did not perform the neuropsychological examinations, subjective and psychoactive effects, or heat pain threshold at Times 60 and 240 min. These tests were delayed until the subsequent evaluation periods (Figure 2 provides details of assessment schedule).
A cued-puff procedure known as the "Foltin Puff Procedure" standardized the administration of the cannabis 23 . Participants were verbally signaled to "hold the vaporizer bag with one hand and put the vaporizer bag mouthpiece in their mouth" (30 seconds), "get ready" (5 seconds), "inhale" (5 seconds), "hold vapor in lungs" (10 seconds), "exhale and wait" before repeating puff cycle (40 seconds). Assessments were performed before the administration of vaporized cannabis or placebo and hourly thereafter for seven hours for outcome variables.
Vital signs (blood pressure, respiratory rate, and heart rate) were recorded at baseline and at every hour to ensure well-being of participants while under the influence of cannabis. Participants were allowed to engage in normal activities, such as reading, watching television, or listening to music, between puff cycles and assessment periods. After each session, participants were accompanied home by a responsible adult. Upon completion of study sessions, participants were compensated with a modest stipend for their participation (prorated at $25 per hour).
Outcome Measurements
Pain intensity, the primary outcome variable, was assessed by asking participants to indicate their current pain on an 11-point numerical rating scale anchored between 0 (no pain) and 10 (worst possible pain) 30, 32 . As a secondary measure of pain relief, the Patient Global Impression of Change was administered 30 . This 7-point ordinal scale has the following range of values: very much worse, much worse, minimally worse, unchanged, minimally improved, much improved, very much improved. The Neuropathic Pain Scale 41 , an 11-point ordinal scale, was another secondary outcome. It includes a series of items that assess two global pain domains (pain intensity and unpleasantness), six specific pain qualities (sharp, dull, sensitive, hot, cold, and itchy pain), and two spatial qualities (deep and surface pain) 65 . Allodynia, pain due to a stimulus that does not normally provoke pain, was measured by tangentially stroking a painful area with a foam paint brush. The response was recorded using a 100-mm visual analogue scale (VAS) anchored between 0 (no pain) and 100 (severely painful). Baseline levels were obtained from the same painful area of the body prior to administration of study medications. Heat-pain threshold was determined at baseline and again after vaporization sessions by applying mild-to-moderately painful heat stimuli to skin on the non-dominant C2-C3 level, where heat sensitivity could be assured to be present, using the commercially available Medoc TSA 2001 Peltier thermode 52 . This device applied a constant 1-degree centigrade per second increasing thermal stimulus until the patient pressed the response button, indicating that the temperature change was considered painful. The heat pain threshold (mean of three attempts) was recorded in degrees centigrade.
Separate subjective intensities for "any drug effect," "good drug effect," and "bad drug effect," were measured using a 100-mm VAS anchored by "not at all" at 0 and "extremely" at 100. In addition, psychoactive effects were measured by inquiring "Do you feel ______ right now?" and filling in the blank with "high"; "drunk"; "impaired"; "stoned"; "like the drug effect"; "sedated"; "confused"; "nauseated"; "desire more of the drug"; "hungry"; "changes perceiving time"; "changes perceiving space"; "difficulty paying attention"; and "difficulty remembering things". Similar VAS questions have been shown to be sensitive and reliable subjective measures of cannabis intoxication 8, 56, 57, 67 .
Spasticity assessments, manifested as spasms, pain, and muscle stiffness, were performed using the Numeric Rating Scale Measure of Spasticity (bordered by 0=no spasticity to 10=worst possible spasticity) and the Patient's Global Impression of Change, a 7-point ordinal scale with the following range of values: very much worse, much worse, minimally worse, unchanged, minimally improved, much improved, very much improved 34 . The Modified Ashworth Scale was not used as it has been called into question by several observers for assessment of spasticity 39, 79, 114 . One recognized problem is that this instrument has inadequate reliability for determining lower extremity spasticity between raters (inter-rater) or over time (inter-session) 25 . Furthermore, while such clinician-rated measures of spasticity are purported to be objective, they do not measure the patient's experience and may not be sensitive to changes that are meaningful to the patient 34 .
Neurocognitive assessments focused on several domains: attention and concentration, fine motor speed, processing speed and learning and memory. Participants completed the Wechsler Adult Intelligence Scale Digit Symbol Test (DST) 108 , a test of concentration, psychomotor speed, and graphomotor abilities. This pen and paper test involved having participants substitute a series of symbols with numbers as quickly and accurately as possible during a 120-second period. The results were expressed as the number of correct substitutions.
The Trail Making Test (TMT), a test of processing speed, visual attention and task switching consists of two parts; Part A had consecutive numbers and Part B had a combination of numbers and letters of the alphabet 6, 7 . Participants were instructed to connect a set of 25 circles containing the numbers and letters with a pencil as fast as possible while maintaining accuracy. The scores are recorded as the time in seconds required to complete testing.
For the Grooved Pegboard Test (GPT) 70 , a test of fine motor coordination and speed, participants were asked to place 25 small metal pegs into holes on a 3″ × 3″ metal board as quickly as possible. The score is the total time for each test (using the dominant and nondominant hand); a five-minute limit was employed for those unable to complete the task. Quadriplegic participants were instructed to use their best grip to hold pens (digit symbol and trail making test) or pins (grooved pegboard) where applicable. However, some participants were not able to complete testing because of the severity of their disability, a problem identified in the literature 59 .
The Paced Auditory Serial Addition Test (PASAT) 47 , a measure of auditory information processing speed and working memory, was also administered. A series of single digit numbers were presented via a digital recording where the two most recent digits had to be summed. The scores reported for the Paced Auditory Serial Addition Test were the number of correct responses for each trial 28, 29, 101 .
The Hopkins Verbal Learning Test Revised (HVLT) assessed learning and immediate recall of verbal information, as well as the ability to retain, reproduce, and recognize this information after a delay 13 . Alternate forms (A through F) were used to minimize practice effects 12, 14 . A list of 12 words was presented, using 4 words from each of three semantic categories. The participant was asked to recall as many words as possible in any order. This was repeated for three trials. After a 20-minute delay, the participant was asked to recall the original words once again (delayed recall). To test delayed recognition, the participant was asked to listen to 24 words (which included the original 12 words, and 12 distractors) and say whether the word was in the original list or not. The True Positive score reflects the number of words correctly identified as being in the original list, whereas the False Positive score indicates the number of words the participant incorrectly identified as being in the first list. In order to estimate the level of functioning at baseline, the raw scores on each test were converted to demographically-corrected T-scores adjusting for age, gender, highest educational level achieved, and ethnicity 54, 55 . Baseline neuropsychological test performance was summarized using the global deficit score (GDS), a validated approach for detecting neuropsychological impairments across multiple measures 20 .
Statistical Methodology
For most outcomes, mixed effects models with random intercepts were generated for testing the main effects of time, dose, and time × dose interaction. Initial models also included the baseline value of the outcome if measurements were taken at time 0 at the study visit. Treatment sequence, the order in which the treatments were administered, was tested and retained in the model if significant. Then, potential confounding variables (i.e., pain condition coded as spinal cord injury vs. disease; level of injury coded as cervical vs. below cervical; and cannabis use coded as current [within 30 days prior to randomization] vs. not current), specified a priori, were added to the model and retained individually and, if applicable, in combination, if significant. For models that did not test for cannabis use, cannabis use was added to the main effects model to determine if main effects changed with the addition of that term. To account for the possibility that the level of spinal cord pathology (cervical vs. below cervical) might affect performance on tests in which upper extremity dexterity was required (i.e., Grooved Pegboard, Trail Making, and Digit Symbol Tests), a covariant term for the level of injury was evaluated in the same way. For the models described above, time was coded as a continuous variable and centered on its mean, and a Tukey's honestly significant difference test which restricts the Type I error rate was performed to identify which doses differed from each other when a significant main dose effect was found. Dose effects at each individual timepoint were tested using contrasts for the main effect models generated above but with the time variable coded categorically. In some cases, only the largest p-value for comparing two doses may be indicated when reporting significant results for multiple pairwise comparisons in the text. Effect sizes for neuropsychological testing results were estimated using Glass's delta (i.e., estimator of the effect size) 45 and classified as either positive or negative centered on the placebo mean. For all statistical testing, a 5% significance level was used, and unless indicated otherwise, no adjustments for multiple testing were applied. For each visit, participants who reported no pain at baseline were omitted from analyses using pain intensity, pain relief and Neuropathic Pain Scale (NPS) intensity as outcomes. For other NPS outcomes (e.g., sharpness, burning, etc.), allodynia, and spasticity, participants who were not experiencing that particular outcome at the baseline for that visit were also excluded from analyses of that outcome. If excluded due to no baseline spasticity, then the Patient's Global Impression of Change in spasticity was also not analyzed.
To determine whether or not a psychomimetic side effect had an influence on the primary outcome of pain intensity, an additional term measuring each side effect (e.g., feeling high, stoned, drunk) was separately forced into the final mixed effects model developed for the main effect of pain intensity as described above, and the impact of the psychoactive side effect on the treatment dose effect was tested. The proportion of participants with at least a 30% pain reduction rate were estimated for each treatment dose with 95% score confidence intervals and compared among all three doses with a Cochran Armitage Trend Test 4, 24 and pairwise using a χ2 likelihood ratio test. The number of individuals needed to be treated during the 8-hour study visit for one additional person to achieve 30% pain reduction relative to a comparison treatment was calculated as 1÷(Absolute Risk reduction), rounded up to the nearest integer, and 95% confidence intervals were estimated according to Altman (1998) 3 . The number of flexible dosing puffs, both within visit and combined for all visits, were compared among the three treatment levels using Kruskal-Wallis tests.
RESULTS
Recruitment and Withdrawals
Four hundred thirty four patients were evaluated for eligibility between July 2012 and May 2014 ( Figure 3 Consort Flow Chart). Following telephone vetting by a research associate, seventy patients were consented and then interviewed by the principal investigator. Sixteen participants were excluded following a medical evaluation and 12 other participants withdrew for various reasons (e.g., loss of interest, logistic difficulties, inability to curtail medicinal cannabis, etc.). The remaining 42 participants participated in 120 eight-hour human laboratory experimental sessions. No participant withdrew from the study due to an experimental intervention. One participant felt syncopal and was found to be slightly hypotensive; this responded promptly to his mechanical wheelchair being adjusted from the sitting to the reclining position. There were no study related serious adverse events. Consistent with the notion that cannabis is well tolerated, the majority of participants took 8 puffs during flexible dosing sessions (23 of 41, 24 of 38, and 24 of 41 after receiving placebo, 2.9% and 6.7% delta 9-THC respectively) with no significant difference among the doses (p > 0.3).
The demographic make-up of participants is presented in Table 1 . Of the 42 participants who completed at least one study visit, 17 (40%) were current cannabis users defined as reporting that they had used cannabis within 30 days prior to randomization. Twenty one (50%) were ex-users and 4 (10%) had never been exposed to cannabis previously.
Primary Efficacy Measurement: Pain Intensity
The primary analysis compared patients' mean numeric pain intensity scale before and after consuming vaporized marijuana or placebo (Figure 4 ). The mean (SD) pain intensities at baseline were 5.3 (1.8) prior to administration of placebo, and 5.0 (1.8) and 5.2 (2.1) for the lower (2.9%) and higher (6.7%) delta 9-THC doses of cannabis, respectively, on an 11-point numerical pain rating scale. These baseline values were not significantly different (p > 0.6). Overall, after controlling for baseline pain, a significant dose effect on pain intensity occurred (p<0.0001, see Table 2 ). According to the Tukey test, there was a significant stairstep effect where the most pain occurred with placebo, significantly less pain was measured at the 2.9% delta 9-THC dose, and at the highest delta 9-THC dose, significantly less pain was experienced compared to the lower dose and placebo. Recent cannabis use did not affect these results, and neither the sequence of treatment nor the presence of either spinal cord injury or disease had a significant effect on response to treatment. One hour after the first treatment dose (120 minutes), pain intensity was significantly lower for both doses of active treatment compared to placebo (p<0.05), but the effects of only the higher delta 9-THC dose retained significance over the next two hours (p<0.01, see Table 2 ). One hour after the variable dose at 240 minutes, the dose-response effect was evident in separation between the two active doses in addition to their showing significantly better pain control over placebo (p<0.05), and both active doses continued to be associated with significantly less pain compared to placebo for the next two hours (p<0.05), although the impact on pain showed no distinction between the lower and higher doses of delta 9-THC (p>0.11).
When each of the seventeen subjective and psychoactive side effects (e.g., good drug effect, feeling high, etc.) were added as a covariate to the mixed effects model that included pain intensity in order to evaluate the mechanisms of the analgesic treatment effects, four side effects showed no significant effect on pain ("bad drug effect," "nauseous," "changes perceiving time," and "difficulty remembering things"), but the others did (p ranged from <0.0001 to p=0.02). However, the main effect for delta 9-THC treatment remained significant (all p<0.0004) above and beyond any effect of the psychomimetic measures. Therefore, an independent effect of study medication was evident. In most cases, the stairstep direction of the effect was present. For a few of the side effects, the effects of both active treatments were indistinguishable from each other but evidenced less pain than with placebo.
The number of participants achieving a reduction of pain intensity of 30% or more, a level believed to be clinically important 35 , was estimated for each treatment dose. Eighteen participants (45%, 95% confidence interval: 31-60%) reached that level when on placebo compared to 26 (70%, 95% CI: 54-83%) and 35 (88%, 95% CI: 74-95%) on the lower and higher active doses of cannabis, respectively. A significant dose-response effect was realized for these three treatment doses according to the Cochran-Armitage trend test (p<0.0001) and, pairwise, placebo differed from 2.9% (p=0.0242) and 6.7% (p<0.0001) but the two active doses did not significantly differ from each other on this measure (p=0.0606).
The number needed to treat (NNT) to achieve 30% pain reduction during the 8-hour period was 4 (95% CI: 2.1-25.3) for the lower dose vs. placebo, and 3 (95% CI: 1.6-4.2) for the higher dose versus placebo. For the higher dose compared to the lower dose, the NNT was 6, but because the 95% confidence interval for the absolute risk reduction ranged between a negative number (treatment may harm) and a positive number (treatment may benefit), division by zero would be required to report conventional confidence intervals. Instead, we report that with 95% confidence, when compared to the lower dose, either the higher dose is helpful and the number need to help is greater than 2.8 or the higher dose is harmful and the number needed to harm is greater than 140.3 3
Secondary Outcomes
Global Impression of Change-In addition to VAS ratings for pain intensity, the degree of relief was monitored by a seven-point ordinal scale of patient global impression of change. On average over the entire eight hour visit, there was significantly more pain relief with active cannabis compared to the placebo (p<0.0001, Table 2 ). This effect was observed immediately after the first vaporization (p<0.005) and one hour (p<0.04), but not two hours (p>0.2), later. Once the second vaporization took place, both delta 9-THC doses provided greater pain relief than placebo immediately (p<0.001) and one hour later (p<0.05). However, only one dose (2.9% at Time 360, p=0.03; 6.7% at Time 420, p=0.03) remained effective in reducing pain significantly compared to placebo. At no time was there a significant difference in pain relief between the two active doses.
Neuropathic Pain Scale-Measurements from the Neuropathic Pain Scale (NPS) over all timepoints indicate that vaporized cannabis positively and significantly affected all of the measured multidimensional pain descriptors associated with neuropathic pain, even after controlling for baseline levels (p<0.0001 for all except itching which had p=0.04, see Table  3 ). At one hour after the first vaporization session and maintaining throughout the duration of the visit, modeling of intensity, cold and superficial pain revealed significantly reduced pain levels after both active treatments compared with placebo (p-values ranged from <0.0001 to 0.048). The sequence of treatments was significant for intensity and superficial pain, but even after controlling for sequence, the dose effects remained. NPS outcomes that showed a dose effect immediately after the first vaporization were burning, cold, itching, deep pain, and superficial pain (p<0.05). No results for any of the NPS measures were changed when the statistical models controlled for recent cannabis use.
Allodynia-There was no general effect of treatment on allodynia after adjusting for baseline levels, although immediately after the first vaporization, lower measurements were observed for the higher dose cannabis than for the placebo (p=0.01, see Table 2 ). Treatment sequence was not significant and recent cannabis use did not alter the results.
Heat Pain Threshold-Neither time (p>0.05) nor treatment condition (p>0.05) at any timepoint was associated with change in pain response to mild-to-moderately painful heat stimuli delivered to the non-dominant C2-C3 level (data not shown).
Subjective and Psychoactive Effects-Using several variables to explore side effects, the main effect of treatment (placebo vs. 2.9% delta 9-THC vs. 6.7% delta 9-THC) as well as treatment by time interaction effects were considered in the modeling. For each of the 17 psychoactive side effects analyzed, a significant main treatment effect was detected (p-values ranged from <0.0001 to 0.026, see Table 4 ). The lower dose produced effects lower than that for the higher dose, and placebo was lower than both active doses for "any drug effect," "good drug effect," "high," "impaired," "stoned," "sedated," and "changes perceiving space" (p<0.0001). For "bad drug effect," "like the drug effect," "nauseous," and "changes perceiving time," placebo levels were significantly lower than both 2.9% and 6.7% delta 9-THC doses overall, but there were no differences between the two active treatment doses (p<0.01). The higher delta 9-THC dose was associated with significantly higher levels of "desires more," "hungry," "difficulty remembering things," (p<0.03) "drunk," "confused," and "difficulty paying attention" compared to placebo, but only the last three side effects showed significantly stronger effects on the higher dose compared to the lower THC dose overall (p<0.0001).
When testing contrasts at each timepoint, the previously described stairstep dose response occurred for "high" and "stoned" one hour after each vaporization (0% < 2.9% < 6.7%, p<0.05), and those effects plus "any drug effect" and "impaired" were significantly affected immediately after the flexible dose inhalation, too, and continued for at least one additional hour (p<0.05). The maximum mean effect for "any drug effect" and "good drug effect" for all three dose levels was attained immediately after the flexible dose at Time 240 (52 and 49 out of 100 mm, respectively, for the 6.7% delta 9-THC dose). Starting with the second THC dose and continuing throughout the rest of the study visits for "any drug effect," there was a clear stairstep dose response over all three treatments (p<0.05), with a stronger effect as the dose increased. For "bad drug effect," the only times showing significant dose effects (both active doses resulted in stronger effects than placebo) occurred at one hour post-first and post-second vaporizations, respectively (p<0.05). However, the differences of the mean effects found to be present were less than 6 and 7 out of 100 mm, respectively, which are considered likely to be clinically unimportant. Similarly, the differences for all subjective and psychomimetic side effects were of small magnitude. Compared to placebo, the mean values were 6 mm and 9 mm on 100 mm visual analogue scales, respectively, for the 2.9% and 6.7% delta 9-THC. Significant dose effects (p<0.05) were detected one hour after both of the cannabis vaporizations for all psychomimetic side effects except "desires more" and "difficulty remembering things" and dose effects were also absent at one hour after just the first inhalation for "confused," "changes perceiving time," and "changes perceiving space," and one hour after just the second dosing for "nauseous" and "difficulty paying attention."
Spasticity-Spasticity showed an overall response to delta 9-THC (p=0.036), with less spasticity reported for the lower dose compared to placebo (Table 5 ). However, statistical significance was not reached until 3 hours after the second dosing with cannabis (Time 420, p=0.03). The categorical spasticity relief measure reflected more relief at that same timepoint, with the 2.9% dose providing more relief than either of the other two doses (p<0.05).
Vital Signs-There was an effect of treatment on heart rate immediately after both vaporization sessions ( The main effects of dose and time model the cognitive effects over the course of the experimental sessions. To account for possible residual neuropsychological effects of cannabis in chronic users, the covariate of cannabis use (current vs. not current) was added to the main effects model for all of the neuropsychological tests to determine if there were any changes in the main results. Data from specific tests for five participants were removed from consideration due to the participant's inability to validly perform the tests as a result of their disability (as determined by the research associate).
Overall, there were no significant differences between study medications on neuropsychological testing (Table 7) . The results of the individual tests are described below:
Grooved Pegboard Test: After controlling for baseline values, no significant treatment effect was seen on the Grooved Pegboard dominant subtests, even after controlling for the level of spinal cord pathology. On the non-dominant subtests, at time 360, participants at 2.9% delta-9 THC took less time to complete the task than when on placebo or at the high dose.
Digit Symbol Test: Dose effect differences were not significant throughout the 8 hour visit, although there was improvement across all visits for all conditions (i.e., placebo, 2.9% and 6.7% delta 9-THC, time p-value<0.0001), consistent with practice effects.
Trail Making Test:
There was an overall dose effect on Trailmaking Part A, although in the pairwise comparison participants only took longer to complete Part A at 420 when on 2.9, compared to 6.7 delta 9-THC. There were no significant dose effect differences on Part B.
Hopkins Verbal Learning Test: There were no significant dose effect differences for either immediate or delayed recall. True positive responses at 6.7% were less than 2.9% and placebo at 120 and 180 minutes (p<0.05); false positive results were higher at 6.7% compared to placebo at 300 minutes (p=0.023). 
Paced Auditory Serial Addition Test:
This examination exhibited non-significant dose effect differences except at Time 420, where the number of correct responses at this time for the higher active dose was greater than for the lower active dose (p<0.05).
In summary, cannabis generally did not result in reduced cognitive performance, as indicated by the lack of dissimilarities in scores over time between treatment groups.
DISCUSSION Analgesia
The primary outcome variable, numerical pain intensity, provides verification that vaporized cannabis can impart relief from neuropathic pain related to spinal cord injury or disease. Concordant with this proposition are the results of the Patient Global Impression of Change and Neuropathic Pain Scale. In addition, the NNT to achieve 30% pain reduction was 4 (95% CI: 2.1-25.3) for the lower dose vs. placebo, and 3 (95% CI: 1.6-4.2) for the higher dose vs. placebo, These values are similar to those found in previous studies evaluating smoked cannabis 2, 33 and are in the range of two commonly deployed anticonvulsants used to treat neuropathic pain (pregabalin, NNT = 3.9; gabapentin, NNT = 3.8) 9, 78 .
It is noteworthy that the two active doses did not significantly differ from each other (p=0.0606, χ2 likelihood ratio test). Likewise, the difference in the NNT of 6 between the two active doses does not indicate a definite dose difference as the confidence interval comparing the higher with the lower dose is wide and encompasses the possibility that 6.7% delta 9-THC is not more effective as an analgesic when compared to 2.9% delta 9-THC. Furthermore, there were no differences on the Patient Global Impression of Change between the two active doses.
Allodynia and Heat Pain Threshold
Abnormal thresholds to sensory stimuli are common in patients with neuropathic pain arising from lesions of the spinothalamic pathways 84 . We therefore sought evidence for an effect of cannabis on allodynia as well as changes in thresholds for sensory perception using the heat pain threshold. However, substantiation of reversal of sensory sensitization or an increase in heat pain threshold by cannabis was not a consistent finding. Although lower measurements for allodynia were observed for the higher dose of delta 9-THC compared to placebo, this only occurred after the first vaporization session and not after the second session. The lack of an effect on the experimental heat pain threshold suggests that the analgesic effect of cannabis in treating acute pain would be less than ideal; this is consistent with the recommendation that cannabinoids are not suitable for postoperative pain 18 .
Psychoactive and Subjective Side Effects
Many of the psychoactive side effects were delta 9-THC concentration-dependent with greater effects seen in the higher compared to the lower dose, with both active doses inducing a higher response than placebo. Similar assessments of "high," "good drug effect," and "stoned" have been described in the literature 62 . The magnitude of the effects were modest, especially for the lower dose ( Figures 5, 6 and 7) . Given the aforementioned evidence that the two active doses did not significantly differ from each other in terms of analgesic potency, it appears appropriate for patients with spinal cord injury or disease who wish to avoid psychomimetic effects to consider the lower dose.
Spasticity
Relief from spasticity utilizing an 11-point numerical rating scale was not statistically significant until just prior to discharge at Time 420 minutes. Unexpectedly, the relief was greater with the 2.9% than after 6.7% delta-9-THC. In a recent meta-analysis, cannabinoids were associated with a greater improvement in spasticity (secondary to multiple sclerosis or paraplegia) compared to placebo when assessed using numerical rating scales (mean difference, −0.76 [95% CI, −1.38 to −0.14]) 109 . Assessments in the studies in the metaanalysis followed two weeks of treatment; therefore, a direct comparison with an 8 hour human laboratory experiment is not feasible.
Vital Signs
The approximate 10% increase in heart rate that was seen immediately after cannabis vaporization is a well-recognized side-effect. Cannabis can result in a rapid and substantial dose-dependent increase in heart rate by as much as 20-100%, as well as supine hypertension and orthostatic hypotension 5, 77 . Although the hemodynamic effects of cannabis are generally not problematic for most young, healthy users, the orthostatic hypotension induced by cannabis can be symptomatic and incapacitating 66 . As mentioned earlier, one participant with quadriplegia had near syncope associated with a low blood pressure. This was consistent with the autonomic instability with loss of descending autonomic control seen in patients with interruption of spinal tracts 71 . For the most part, however, blood pressure was stable following administration of cannabis in the present study.
Neuropsychological Testing
The lack of treatment effects on cognition was surprising, given previous findings from our group 112, 113 and others 17, 26, 105 . Although the reasons for this unanticipated finding are unclear, there are a few possible explanations. Administration of the cognitive measures instruments was delayed for 60 minutes after each dose (until 120 minutes and 300 minutes) ( Figure 2 ). This was necessary because participants received treatments in a separate location. However, since peak levels of intoxication typically occur after approximately 30 minutes and last several hours 48 , reductions in cognitive performance would still have been expected to be present at subsequent evaluations.
Perhaps of more significance, numerous patients in this study had spinal cord involvement of their upper extremities. The challenge of assessing neuropsychological functioning using tests requiring the use of upper extremities in persons with paralyzed limbs has been reported in the literature 59 . However, non-significant results were still seen when excluding patients with upper limb limitations. In addition, measures involving word recall (Hopkins Verbal Learning Test) and verbal calculations (Paced Auditory Serial Addition Test) also did not show performance decrements, which is inconsistent with previous reports of doserelated neurocognitive effects of marijuana 26 . Of note, many of the participants had spinal cord injuries as a result of trauma (Table 1) , including causes that may also have resulted in traumatic brain injury as well (i.e., motorized vehicle accidents). Indeed, a significant proportion were identified as having cognitive impairment (73%) at study initiation. Hypothetically, it is possible that the effects of delta 9-THC in the individuals who already have significant cognitive deficits are of insufficient magnitude to be detectable On the other hand, others have suggested that the use of cannabis in impaired individuals might significantly amplify such deficits 61, 86 . The current study is not adequately powered to address which of these hypotheses is most plausible.
Daily smokers may develop tolerance and demonstrate smaller effect sizes on cognitive tests compared to less frequent users 53 . Tolerance probably factored into a recent cohort study of chronic pain patients who used 12.5% delta-9 THC (median dose 2.5 grams/day) and found improvements in neurocognitive function over a one year period 106 . Seventeen of the 42 participants in the present study used cannabis regularly; we thus entered recent use as a covariate in modeling. But a majority of participants were ex-users or naïve to cannabis. Other potential confounding factors might include fatigability as well as depressed mood, as described in the multiple sclerosis literature 11, 36, 93 . However, we excluded individuals with severe depression (PHQ-9 ≥ 15), as cannabis may worsen depressive symptomatology, so this may not have been that relevant to our study 74 . And although the neuropsychological battery was relatively brief (taking approximately 20-30 minutes), it was administered repeatedly so physical and psychological/cognitive fatigability may have factored into the results of this study. Thus, factors in acute cognitive changes must be understood in the context of underlying chronic diseases, with attendant fatigue and its possible influence on neuropsychological testing.
Recommendations for Future Research
In the future, it will be important to explore the relative merits of different methods of delivery of cannabinoids and whether oral delta-9 THC or sublingual nabixamols would have comparable efficacy in the treatment of neuropathic pain as vaporized cannabis. Pharmacologic oral preparations avoid deleterious effects upon the respiratory system and have deservedly warranted attention from the scientific community for this reason 27, 40, 49, 64, 80, 96, 99 . However, some experts have opined that whole plant cannabis is superior to the FDA approved oral cannabinoid preparations, e.g., synthetic tetrahydrocannabinol (dronabinol, Marinol®) and/or the synthetic analog of Δ9-THC (nabilone, Cesamet®) 76 . As testament to this belief, oral cannabinoids have been on the market in the United States for many years and are not widely used 76 . In order to definitively describe the relative merits of cannabis and oral cannabinoids, it will be necessary to conduct randomized, controlled trials comparing the two methods of administration and interpret the results. The same might be said for the comparison of cannabis and nabixamols.
In addition, the optimization of dosing should be evaluated for all cannabinoid preparations when utilized for the treatment of neuropathic pain. It has been suggested that a patientspecific, self-titrating model is a useful prescription paradigm for medicinal cannabis 21 . The rationale for this arises from the considerable variability in response of different individuals when balancing efficacy with side-effects 21 .
An additional issue is whether or not vaporization alters the risk of long-term negative pulmonary sequelae. While it is known that cannabis smoking increases cough, sputum production, hyperinflation, and upper lobe emphysematous changes 85, 100 ; the effect of vaporization on these pulmonary outcomes will require more investigative work. Also, many individuals are incidentally exposed to secondhand cannabis smoke, but little has been known about the effects of this exposure until recently. Under extreme, unventilated conditions, secondhand cannabis smoke exposure can produce detectable levels of delta-9 THC in blood and urine, minor physiological and subjective drug effects, and minor impairment on a task requiring psychomotor ability and working memory 58 . To our knowledge, exposure to secondhand vaporized cannabis has not been studied. An effort needs to be made to find out if this is a preventable problem perhaps by the use of an active exhaust or a hepa filter.
Another objective of future studies will be to evaluate all other short-and long-term sideeffects known to result from cannabis. When used by patients as part of a monitored treatment program in 7 pain clinics in Canada over 1 year, medicinal whole plant cannabis, appeared to have a reasonable safety profile 106 . An average dose of 2.5 g cannabis per day resulted in a higher rate of adverse events (AE) among cannabis users compared with controls; there were no differences for serious adverse events (SAE). In contradistinction, a recent meta-analysis found that cannabinoids (e.g., cannabis, oral delta-9 THC and/or sublingual nabixamols) were associated with a greater risk of not only AE but also SAE in comparison with controls. Presumably, the difference between the two studies was related to the different study designs (i.e., types of study medications, blinding, use of controls, duration of studies, etc.) Common AE listed among both studies included headache, nasopharyngititis, dizziness, dry mouth, nausea, fatigue, somnolence, euphoria, vomiting, disorientation, drowsiness, confusion, loss of balance, and hallucination. Obviously, longerterm monitoring for adverse outcomes is needed. The epidemiological literature concerning recreational cannabis reveals that cannabis use increases the risk of motor vehicle accidents and can produce dependence, and that there are consistent associations between regular cannabis use and poor psychosocial outcomes and mental health in adulthood 51 . It remains to be seen whether these longer term consequences will be similar for medicinal cannabis.
Another existing knowledge gap that should be evaluated in the future is the potential of the non-psychoactive cannabinoid, cannabidiol (CBD). The synergistic contributions of CBD to the analgesia produced by Δ9-THC have been explored in studies involving Sativex®, an extract of Δ9-THC and CBD manufactured by GW Pharmaceuticals in Great Britain. Sativex® alleviates spasticity, overactive bladder, and neuropathic pain associated with multiple sclerosis 10, 16, 63, 94, 103 . CBD can counteract some of the negative effects of Δ9-THC (e.g., anti-psychotic effects 111 , anti-anxiety effects 116 ), although such findings have not always been consistent 81 .
availability of research grade cannabis plant material available from NIDA has undergone substantial upgrading in terms of variability. CBD can each be provided in low (<1%), medium (1-5%), high (5-10%), and very high (>10%) concentrations 95 . Nora Volkow M.D., Director of NIDA, has stated, "CBD appears to be a safe drug with no addictive effects, and the preliminary data suggest that it may have therapeutic value for a number of medical conditions. Addressing barriers that slow clinical research with CBD would accelerate progress. NIDA will do what we can to address such barriers and expedite the study of this potentially valuable compound, as well as other components of the marijuana plant" 102 .
CONCLUSION
The present study complements previous investigative work that cannabis is a promising treatment in selected pain syndromes caused by injury or diseases of the nervous system 2, 33, 104, 105, 107, 112, 113 . Due to the large number of statistical tests in the present study, a recognition of the potential of an elevated Type I error rate is warranted. However, at least for analgesic outcomes, the consistency of findings mitigates this concern. As this was an eight hour human laboratory experiment, additional studies are needed to examine this type of treatment over a more prolonged period (e.g., several weeks to months) to insure that an analgesic response will be sustained. In addition to measuring pain relief, such studies would also involve the impact of cannabis on daily functioning, cognition, and mood to adequately evaluate the real world impact of cannabis on spinal cord injury and disease. As this was a preliminary, phase I study, it does not justify the routine clinical use of medicinal cannabis until further research is conducted. Such research should include direct comparisons of cannabinoids both for efficacy and adverse effects over time.
PERSPECTIVE
A cross-over, randomized, placebo-controlled human laboratory experiment involving administration of vaporized cannabis was performed in patients with neuropathic pain related to spinal cord injury and disease. This study supports consideration of future research that would include longer duration studies over weeks to months in order to evaluate the efficacy of medicinal cannabis in patients with central neuropathic pain. "Do you feel a good drug effect right now?" a 100-mm VAS anchored by "not at all" at 0 and "extremely" at 100 "Do you feel stoned right now?" a 100-mm VAS anchored by "not at all" at 0 and "extremely" at 100 Table 2 Main overall dose effect (left of dotted line) and dose effects at specified timepoints (right of dotted line) for Pain Intensity and related measures. Inequalities show the direction of significant dose effects, 0 = placebo, 2.9 = 2.9% THC, 6.7 = 6.7% THC. Higher intensity and allodynia values reflect more pain, higher pain relief values reflect more relief from pain. Intensity **,n 0 > 2.9 > 6.7 ns ns 0>2.9,6.7 0>6.7 0>6.7 0>2.9>6.7 0>2.9,6.7 0>2.9,6.7
Pain Relief 0<2.9,6.7 ---0<2.9,6.7 0<2.9,6.7 ns 0<2.9,6.7 0<2.9,6.7 n Neuropathic pain condition (spinal cord injury vs. disease) was tested but dropped since no significance was identified.
Wilsey et al. Page 37 Table 3 Main overall dose effect (left of dotted line) and dose effects at specified timepoints (right of dotted line) for Neuropathic Pain Scale measures. Inequalities show the direction of significant dose effects, 0 = placebo, 2.9 = 2.9% THC, 6.7 = 6.7% THC. Table 4 Main overall dose effect (left of dotted line) and dose effects at specified timepoints (right of dotted line) for Subjective and Psychoactive Side Effects. Inequalities show the direction of significant dose effects, 0 = placebo, 2.9 = 2.9% THC, 6.7 = 6.7% THC. Table 5 Main overall dose effect (left of dotted line) and dose effects at specified timepoints (right of dotted line) for Spasticity. Inequalities show the direction of significant dose effects, 0 = placebo, 2.9 = 2.9% THC, 6.7 = 6.7% THC. Abbreviations: ns, not significant; ---, not measured * Terms for treatment sequence and neuropathic pain condition were included and tested for significance in initial models but were dropped since no significance was identified; There were significant time effects (p<0.0001 for spasticity numerical scale and p=0.0227 for categorical spasticity relief); There were no dose x time interaction effects and recent cannabis use did not alter main effect results. ** Adjusted for baseline value (p < 0.0001).
Wilsey et al. Page 41 Table 6 Main overall dose effect (left of dotted line) and dose effects at specified timepoints (right of dotted line) for Vital Signs. Inequalities show the direction of significant dose effects, 0 = placebo, 2.9 = 2.9% delta 9-THC, 6.7 = 6.7% delta 9-THC. Table 7 Main overall dose effect (left of dotted line) and dose effects at specified timepoints (right of dotted line) for raw NP test measures. Inequalities show the direction of significant dose effects, 0 = placebo, 2.9 = 2.9% delta 9-THC, 6.7 = 6.7% delta 9-THC. 
